Unraveling structural dynamics of noble metal nanoclusters on oxide supports is critical to understanding reaction process and origin of catalytic activity in heterogeneous catalysts. Here, we show that aberration-corrected scanning transmission electron microscopy can provide direct atomic-resolution imaging of surface migration, coalescence, and atomic rearrangement of Au clusters on an Y:ZrO 2 (YSZ) support. The high resolution enables us to reveal migration and coalescence process of Au clusters at the atomic scale, and to demonstrate that the coalesced clusters undergo a cooperative atomic rearrangement, which transforms the coherent into incoherent Au/YSZ interface. This approach can help to elucidate atomistic mechanism of catalytic activities and to develop novel catalysts with enhanced functionality. N oble metal nanoclusters supported on oxides of high surface area are among the most important types of heterogeneous catalysts because of their unexpected chemical activity and high selectivity 1 . The catalytic performance of such heterogeneous systems depends on not only their chemical composition, but size and morphology of the nanoclusters and how the nanoclusters interact with oxide supports 2 . To date, a general consensus has been reached on several aspects of hybrid catalytic systems. The size of metal clusters remarkably influences catalytic properties, and nanoclusters often exhibit unusual physical and chemical behaviors which cannot be realized in their respective bulks [3] [4] [5] [6] [7] . In addition to the size effect, there is a strong support effect in which the oxide supports might tune catalytic properties by altering the shape and electronic nature of the metal clusters. Moreover, the active atoms and their oxidation states also take on practical significance in affecting catalytic properties. All these effects, including the preparation and processing behavior, rely on the migration, coalescence, and morphology transformation of the metal clusters due to their high surface energy arising from the reduced dimensions 2,8 . Several experimental techniques exist for investigating heterogeneous catalytic systems, yet, in general, no one can individually extract sufficient information of structure dynamics at the atomic level. X-ray scattering yields a spatially averaged structure and is thus insensitive to individual atoms 9 . Although scanning probe microscopy enables atoms to be identified, it falls short of probing the atoms far from surface 10 . Transmission electron microscopy (TEM) is, in principle, able to offer a direct observation of growth and mobility of Au clusters at the atomic scale [11] [12] [13] [14] [15] . However, for the conventional TEM, resolving spatially and identifying chemically metal clusters on oxide supports at dynamical condition still pose a non-trivial challenge.
N oble metal nanoclusters supported on oxides of high surface area are among the most important types of heterogeneous catalysts because of their unexpected chemical activity and high selectivity 1 . The catalytic performance of such heterogeneous systems depends on not only their chemical composition, but size and morphology of the nanoclusters and how the nanoclusters interact with oxide supports 2 . To date, a general consensus has been reached on several aspects of hybrid catalytic systems. The size of metal clusters remarkably influences catalytic properties, and nanoclusters often exhibit unusual physical and chemical behaviors which cannot be realized in their respective bulks [3] [4] [5] [6] [7] . In addition to the size effect, there is a strong support effect in which the oxide supports might tune catalytic properties by altering the shape and electronic nature of the metal clusters. Moreover, the active atoms and their oxidation states also take on practical significance in affecting catalytic properties. All these effects, including the preparation and processing behavior, rely on the migration, coalescence, and morphology transformation of the metal clusters due to their high surface energy arising from the reduced dimensions 2, 8 . Several experimental techniques exist for investigating heterogeneous catalytic systems, yet, in general, no one can individually extract sufficient information of structure dynamics at the atomic level. X-ray scattering yields a spatially averaged structure and is thus insensitive to individual atoms 9 . Although scanning probe microscopy enables atoms to be identified, it falls short of probing the atoms far from surface 10 . Transmission electron microscopy (TEM) is, in principle, able to offer a direct observation of growth and mobility of Au clusters at the atomic scale [11] [12] [13] [14] [15] . However, for the conventional TEM, resolving spatially and identifying chemically metal clusters on oxide supports at dynamical condition still pose a non-trivial challenge.
Here, we apply aberration-corrected scanning TEM (STEM) to directly observe surface migration, coalescence, and atomic rearrangement of Au clusters on an Y:ZrO 2 (YSZ) (100) support at the atomic scale. The heterogeneous Au/YSZ system is chosen because it finds a plethora of applications as gas sensors 16, 17 , gas pumps 18 , solid oxide fuel cells 19, 20 , and electrochemical reactors 21 . We offer definitive evidence that the Au/YSZ heterointerface can be initially epitaxial and coherent, and demonstrate that it undergoes structural rearrangement by migration and coalescence, which finally induces transformation of Au particles and also breaks coherency of the heterointerface.
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Results
To avoid unwanted solvent effect, the heterogeneous catalytic system was prepared by depositing Au onto YSZ (100) TEM specimen using molecular beam epitaxy (MBE). Prior to the growth, TEM specimen was annealed at 973 K in air for 30 min to remove the amorphous layers. Figure 1a shows a representative high-angle annular-darkfield (HAADF) STEM image of the sample viewed from the YSZ [100] direction. Many clusters are located on the YSZ surface, which are identified as Au by the energy-dispersive x-ray spectroscopy (EDS) mapping ( Supplementary Fig. S1 ). Moreover, the crosssection image reveals that surface of the YSZ support is atomically flat over extended regions up to several nanometers in size (Supplementary Fig. S2 ).
Since intensity of an atomic column in HAADF imaging mode is directly proportional to ,Z 1.7 (Z: atomic number), image contrast is brighter for heavier atoms in the atomic column 22 , which means that the brighter clusters represent Au, consistent with the EDS mapping. Figure 1b presents size distribution histogram of the Au clusters. The Au clusters vary in size from 0 to 3 nm with a mean value of ,1.5 nm. Figure 1d shows an enlarged HAADF STEM image viewed from the YSZ [100] direction. Two types of spots with different image contrast are detected: the lighter ones represent pure Zr atomic columns ( Fig. 1c) , while the randomly distributed brighter ones represent Zr atomic columns containing a single Au atom (marked with arrows). The difference in image contrast can also be corroborated in the image intensity profile obtained across a single Au atom (Fig. 1d, inset). As a confirmation, we simulated the HAADF STEM image using a model comprising of a single Au atom on top of an YSZ slab, and compared the simulated image and image intensity profile (Supplementary Fig. S3 ) with their experimental counterparts (Fig. 1d ). We find a good agreement, offering further support to the presence of a single Au atom on top of Zr atomic columns. It is worthy of noting that the presence of Y atoms alone cannot give rise to the variation in image contrast because they are evenly distributed in the YSZ and also for their very close atomic number to that of Zr. Figure 2 shows atomic-resolution HAADF and bright-field (BF) STEM image of the Au nanoclusters in different size. The corresponding STEM image intensity profiles uncover that the Au nanoclusters are thin with a few atomic layers ( Supplementary Fig.  S4 ), as confirmed in the cross-sectional image ( Supplementary Fig.  S2 ), which also reveals a trapezoidal shape for the Au clusters. All the Au atoms in the clusters prefer residing on top of Zr atoms, as seen in the case of single Au atoms (Fig. 1d) . In addition, the Au atoms assemble to form a face-centered cubic (FCC) structure, and the interface is epitaxial and coherent, irrespective of dimension of the nanoclusters. The interface coherency is also reflected in the BF STEM images in which dark spots denote atomic columns, and in the cross-sectional STEM image ( Supplementary Fig. S2 ).
To shed light on dynamics of the Au nanoclusters, we show sequential atomic-resolution HAADF STEM images in Fig. 3 . The nanoclusters are stable before electron beam irradiation owing to their interaction with the substrate, yet are prone to migrate under the electron beam. On inspection of two close nanoclusters (labeled 1 and 2), we find that coalescence occurs by shortening the distance between the clusters from ,0.8 to ,0.56 nm after 150 s, and then to ,0.35 nm after 270 s (Fig. 3g-i) . The two nanoclusters are eventually connected through a narrow neck. Interestingly, the epitaxy and coherency between the cluster and the support are maintained during the entire migration process, albeit that the shape of the clusters is altered during migration. Figure 4 shows a coalescence process of the two Au clusters as a function of irradiation time. Interestingly, the two Au clusters are merged directly at the atomic scale, which can be attributed to the epitaxy between the clusters and YSZ. Such behavior is in striking contrast to the unification of Au nanocrystals, which is assisted by crystal rotation or grain boundary migration 23, 24 . Moreover, the whole coalescence process is completed rapidly in 210 s (Fig. 4) , as opposed to the coalescence of Au nanoclusters which takes longer time because grain boundary often slows down interdiffusion. The Au atoms in merged clusters finally undergo a substantial rearrangement after coalescence, transforming the clusters to ball shape (Fig. 4i) .
Discussion
The migration and coalescence of Au clusters and associated structural rearrangement and shape change can in principle be attributed to knock-on momentum transfer and thermal effect arising from electron beam [25] [26] [27] . The transferred kinetic energy depends on not only the ratio of electron to nuclei mass but the acceleration voltage of STEM. The transferred energy reaches maximum once the headon collisions occur. Since an acceleration voltage of 300 kV is adopted, atom displacement in bulk Au is not expected to take place. However, the bonds in Au clusters may break and thus displace individual Au atoms during STEM observation 28 , which eventually results in migration of the nanoclusters.
When two nanoclusters come to contact, the bonding rearrangement may result in local increase in temperature (e.g. over 100 K for a cluster of 500 atoms 29 ), which can accelerate the coalescence process via enhancing surface migration. This may provide an explanation to the observation that shape of the Au clusters reaches equilibrium in a short time during the coalescence process.
After the coalescence, the Au nanoclusters undergo a cooperative atomic rearrangement in order to minimize their total energy. Based on the macroscopic concept and strain effect, total energy (E tot ) of the clusters can be expressed as:
where m a represents specific energy per atom for the atoms at the vertex (a 5 v), on the edge (a 5 e), at the interface (a 5 i), on the surface (a 5 s), and in the bulk (a 5 b); N a is the number of atoms; and E strain is strain energy. According to this formulae, the clusters less than 3 nm are calculated to favor either an icosahedral or decahedral configuration, while those larger than 3 nm prefer a truncated octahedron configuration 29, 30 . To test this prediction, we show in Fig. 5 an entire process of migration, coalescence, and cooperative atomic rearrangement of Au clusters. In Fig. 5a -e, a large cluster forms via migration and coalescence of three relatively smaller ones. To minimize total surface stress, ratio of surface to volume, and surface energy, the large cluster subsequently undergoes a substantial shape alternation by surface migration and atomic rearrangement (Fig. 5e-i) . The Au cluster is eventually transformed to a truncated octahedron after ,4 min, consistent with the above calculation result 30 . Moreover, we find interestingly that there appear moiré fringes in the images taken at the final stage of atomic rearrangement, suggesting that the Au/YSZ heterointerface turns incoherent. This offers definitive evidence that shape transformation of the large Au clusters is accompanied with a structural transition at the interface.
To conclude, we show that aberration-corrected STEM can be used to extract real-time information on migration, coalescence, and atomic rearrangement of heterogeneous catalytic systems at the atomic scale. The direct observation of oxide-supported Au clusters has crucial implications for understanding diffusion dynamics, coalescence process, and functionality of clusters in catalysts. Such atomic-scale technique allows us to demonstrate that the coalesced clusters undergo atomic rearrangement, forming a stable facet structure. The observed shape evolution of the large Au clusters is accompanied by structural transformation from coherent to incoherent Au/YSZ interface. Such experimental ability to unravel migration, coalescence, and atomic rearrangement of oxide-supported metal cluster helps to elucidate atomistic origin of catalytic activities in many heterogeneous catalytic systems.
Methods
Sample preparation. The [100] oriented YSZ (Y 2 O 3 : 9.5 mol%) single-crystal substrate was used to prepare plan-view TEM specimens. Thin-foil specimens for TEM and STEM imaging were fabricated by cutting, grinding, and dimpling the samples down to ,20 mm. In the Ar ion-beam thinning process, we used a gun voltage of 1-4 kV and an incident beam angle of 4-6u to prevent specimens from radiation damage. The TEM specimens were then annealed at 973 K in air for 30 min to remove amorphous layers on surfaces. Au particles were finally deposited on the TEM specimens at room temperature by the molecular beam epitaxy (MBE) in a high vacuum chamber with a base pressure of 8 3 10
27 Pa. High-purity Au (99.99%) was thermally evaporated from the effusion cell at 1475 K for 1 s. The background pressure of the chamber was 3.8 3 10
25 Pa and the Au thermal evaporation rate was 0.01 nm/s. Cross-sectional TEM specimens were fabricated by depositing Au onto the YSZ substrates directly, followed by cutting, grinding, dimpling and Ar ion-beam thinning.
STEM imaging. HAADF and BF STEM images were taken using double aberrationcorrected Titan Cubed G2 60-300 analytical microscope which was equipped with an X-FEG Schottky high brightness source and a monochromator. The microscope was operated at 300 kV. The spatial resolution of the STEM is ,0.7 nm, which provides an unprecedented opportunity to probe structures with sub-Å ngström resolution.
Images were recorded on a charge-coupled device (CCD) camera (2k 3 2k, Gatan UltraScan 1000). For the HAADF STEM imaging, a probe convergence angle of ,22 mrad and a detector with an inner semiangle of over 60 mrad were adopted. The EDS was used to analyze chemical composition. The electron density used in observation was estimated to be 7.1 e/nm 2 s
21
. The HAADF STEM image simulation was performed using a model comprising a single Au atom on top of Zr atomic column using the WinHREM program (HREM Research Inc.), which was based upon the multislice method. 
